DAMADIAN 3.0-076 

NEEDLE SHIM BAR 

FIELD OF THE INVENTION 

The present invention relates to a method and apparatus for suppressing 
eddy currents and in particular, a shim bar and a method of manufacture thereof for 
the suppression of eddy currents in magnetic resonance imaging magnet assemblies or 
systems. 

BACKGROUND OF THE INVENTION 

The magnet assemblies used in Magnetic Resonance Imaging ("MRI") 
must create a very strong static primary magnetic field with precise geometry. A 
dynamic gradient magnetic field is then added over the primary magnetic field. 
Particular imaging sequences used to create MRI images require application of the 
gradient field with rapid variations in amplitude. 

Certain static-field magnets use ferromagnetic poles projecting toward a 
patient receiving space. The flux in the patient receiving space is fairly uniform near 
the central axis of the pole. However, at the edges of the poles, remote from the 
central axis, the field tends to bulge outward away from the central axis, thereby 
altering the flux geometry. 

The problem of the bulging of the magnetic field at the edges of the 
magnet has been addressed by adding shims to adjust the shape of the magnetic field 
flux. A shim is a piece of metal, typically a low carbon steel or other ferromagnetic 
material, that projects from the poles, typically near the edges of the poles. For 
example, a shim on a cylindrical pole may be partially in the form of a circular rim 
projecting toward the patient. This added magnetic material changes the shape of the 
poles, and therefore the shape of the field the magnet creates. The result is a change 
in magnetic flux profile at the edges and a more uniform magnetic field. 

The gradient fi^ds commonly are added by gradient coils disposed 
adjacent to the pole surfaces, ^ddy currents can be induced in the ferromagnetic 




poles as the current in the gradient coils is varied. The eddy currents, in turn, induce 
their own magnetic fields^ This effect is undesirable because it lengthens the time it 
takes for the gradient fliix to stabilize at the desired amplitude, and creates 
undesirable variations in magnetic field which cause a loss of image quality. 
5 One structure to suppress eddy currents in magnetic assemblies is 

disclosed in U.S. Patent No. 5,124,651 to Danby, et al. ("'651 Patent"), the 
disclosure of which is incorporated by reference herein. The preferred embodiments 
of the '651 Patent provide pole faces resistant to eddy currents. Each pole face 
includes a plurality of narrow, ferromagnetic solid rods positioned side-by-side to 
10 each other. These rods are bonded to one another by an epoxy resin or other non- 
conductive bonding material, thereby creating thin cylinders. The thin cylinders are 
mounted on the tips of the poles so that the axes of the cylinders, and the axes of the 
individual rods, extend generally parallel to the polar axis of the magnet. The rods 
are electrically insulated from one another by the non-conducting bonding material. 
15 This eliminates eddy currents directions transverse to the polar axis to the magnetic 
flux while providing enough ferromagnetic material to facilitate magnetic field flux 
in directions parallel to the polar axis. In certain embodiments according to the '651 
Patent, a shim ring can be formed by rods at the edges of the cylinder extending 
beyond the remainder of the cylinder. 
20 While this structure is effective in suppressing eddy currents in magnetic 

assemblies, there are still needs for further improvements. 
SUMMARY OF THE INVENTION 

The present invention provides a shim bar and a method of manufacture 
addressing those needs. 
25 One aspect of the present invention provides a method for 

manufacturing a shim bar that suppresses eddy currents. The method according to 
this aspect preferably includes the steps of providing a mold where a plurality of 
ferromagnetic rods are placed in a side-by-side direction. A dielectric is introduced 
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between the rods to form a shim piece with the thickness direction corresponding to 
the lengthwise direction of the ferromagnetic rods. These shim pieces can be 
arranged to form a shim ring around a pole of a magnet. The shim ring can be 
substantially closed or with spaces or gaps between the shim pieces. The mold can be 
5 shaped to provide a generally arcuate shim piece. Also, the shim pieces can be 
trimmed to form an arcuate shim piece. The mold can also desirably be shaped as to 
have a depth corresponding to the thickness of the shim piece. 

Another aspect of the invention also provides a method for 
manufacturing a shim bar that suppresses eddy currents. The method according to 

1 0 this aspect of the invention preferably includes the steps of providing an intermediate 
element consisting of a plurality of elongated ferromagnetic rods extending side-by- 
side in a lengthwise direction with a dielectric material such as an epoxy or other 
binding material therebetween; and slicing the intermediate element transverse to the 
lengthwise direction, thereby forming a plurality of shim pieces each with a thickness 

15 direction corresponding to the lengthwise direction of the rods of the intermediate 
element. A plurality of shim pieces can be assembled with a magnet pole to form a 
shim on that pole. The shim formed by the assembly desirably is in the shape of a 
substantially closed shim ring. 

Preferably, the shim pieces are all of substantially equal thickness. The 

20 slicing step may be performed by slicing the intermediate element using a cut-off saw. 
The method may further include the step of trimming the resulting shim pieces to alter 
their profile after the shim pieces are sliced from the intermediate element. 
Desirably, this step is performed to give each shim piece a generally arcuate shape in 
a plane transverse to the thickness direction of the shim pieces. The trimming step is 

25 performed at least in part by using an abrasive jet, milling machine or both. In 
methods according to other embodiments, an intermediate element has a generally 
arcuate shape in section transverse to the longitudinal direction of the rods, such that 
the shim pieces formed by slicing are also generally arcuate. The shim pieces may 
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further be trued-up to form precisely flat surfaces extending transverse to the axes of 
the rods, as for example by using a milling machine. 

Most preferably, the rods are cleaned of any oily residue before they are 
bonded together to form the intermediate element. Further, the surfaces of the rods 
5 may be sand-blasted or otherwise roughened to promote adhesion of the bonding 
material and to remove any organic or inorganic contaminants. It is also preferred to 
cover each rod, before application of the bonding material to form the intermediate 
element, with a sleeve of a dielectric porous material such as a mesh formed from 
fibrous glass or other fibrous dielectric material. This porous material holds the rods 

10 apart from one another during bonding and thereby assures that the rods will be 
electrically insulated from one another. The step of applying the bonding material 
desirably includes placing the rods in a mold and pouring in a dielectric material 
around the rods. The dielectric bonding material desirably penetrates the porous 
sleeves and contacts the roughened rod surface. The rods desirably have hexagonal 

15 cross-sections. 

A further aspect of the present invention provides a shim piece for use 
in forming a shim on a magnet. The shim piece comprises a plurality of 
ferromagnetic elements with a dielectric therebetween with the shim piece having a 
thickness direction and a generally arcuate shape in a plane transverse to the thickness 

20 direction such that each shim piece has two ends spaced apart from one another. The 
ferromagnetic elements desirably include ferromagnetic rod sections having axes 
with, the rods being disposed substantially side-by-side with the axes extending in the 
thickness direction of the shim piece. 

In another aspect of the present invention, a magnet is provided which 

25 includes a ferromagnetic structure defining a first pole having a pole axis, a plurality 
of shim pieces, as discussed above, with at least some shim pieces being attached to 
the first pole with the thickness directions of the shim pieces on the first pole being 
generally co-directional with the pole axis. The shim pieces attached to said first pole 
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are arranged generally end-to-end so that the shim pieces define a first shim ring 
extending around the pole axis. Typically, the ferromagnetic structure also defines a 
second pole spaced apart from the first pole on the pole axis, and the shim pieces 
include shim pieces attached to the second pole. The thickness directions of the shim 
5 pieces attached to the second pole are also co-directional with the pole axis, and the 
shim pieces attached to the second pole are also arranged generally end-to-end so that 
those shim pieces define a second shim ring extending around the pole axis. In this 
structure, the magnet typically has first and second shim rings of equal diameter and 
both concentric with the pole axis. As further discussed below, the magnet may be 
10 equipped with gradient coils, and the windings of the gradient coils may be in 
proximity to the shim rings. In such a structure, the gradient coil windings may be 
positioned close to the shim rings. The eddy current suppression provided by the 
shim rings is particularly significant in this configuration. 



method according to one embodiment of the invention. 

FIG. lb is a diagrammatic perspective view of a rod used in a method 
according to one embodiment of this invention 

FIG. 2a is a diagrammatic perspective view of a mold used in the 
20 method of FIG. 1 according to one embodiment of the invention. 

FIG. 2b is an enlarged detailed view of the interior of the mold of FIG. 
2a according to one embodiment of the present invention. 

FIG. 3a is a diagrammatic perspective view of an intermediate element 
resulting from the method of FIGS 1-2. 
25 FIG. 3b is a diagrammatic perspective view of a shim piece formed 

from the intermediate element shown in FIG. 3a, according to one embodiment of the 
present invention. 



BRIEF DESCRIPTION OF THE DRAWINGS 
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FIG. la is a diagrammatic perspective view of a porous sleeve used in a 
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FIG. 3c is an enlarged detailed view of a portion of the intermediate 
element of FIG. 3a and the shim piece of FIG. 3b according to one embodiment of 
the present invention. 

FIG. 4 is a diagrammatic perspective view of a magnet assembly 
5 incorporating the shim pieces of FIGS 1-3. 

FIG. 5 is a fragmentary sectional view of the assembly shown in FIG. 

4. 

FIG. 6 is a diagrammatic perspective view of a mold used in a process 
according to another embodiment of the invention. 

10 FIG. 7 is a diagrammatic perspective view of a mold used in a process 

according to another embodiment of the invention. 
DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

Referring to FIG. 1, a ferromagnetic rod 10 of hexagonal cross-section 
is shown having a width dimension w and length /. The ferromagnetic rod 10 is 

15 preferably composed of a low carbon steel having high magnetic permeability such as 
Grade 1001 steel, but can be made from other suitable metals. When the final shim is 
formed, there is enough magnetic material to alter the shape of the field, consistent 
with the function of a shim bar as disclosed in the prior art. By way of example, the 
ferromagnetic rod 10 preferably has a width w of about 12.7 mm. Increasing the 

20 width of the ferromagnetic rod 10 will increase the amount of ferromagnetic material 
in the final shim. This may allow eddy currents to travel along the width w direction. 
Decreasing the width of the ferromagnetic rod 10 may complicate the assembly of the 
final shim piece and decrease the individual structural integrity of the rod. Also by 
way of example, the length / of the ferromagnetic rod 10 is preferably 732.9 mm. 

25 This length dimension / may be altered depending on the particular assembly 
arrangement. Further, the axis of the rod 10 runs along the length / direction. 

The ferromagnetic rod 10 is preferably cleaned of any oily residue. 
This can be accomplished by any acceptable method and preferably by using a lint- 
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free solvent wiping rag which preferably contains a high vapor pressure solvent such 
as acetone. An oil-free rod 10 promotes the adhesion of the bonding material around 
the rods. Further, it is preferred that the surface of the ferromagnetic rod 10 is 
roughened as this increases the surface area of the rod and also promotes bonding. 
> The roughening of the rod 10 is preferably accomplished by using a sand-blaster with 
80 mesh Brown aluminum oxide material. Finally, to promote bonding, removal of 
any organic or inorganic compound such as dirt or oxides is required. The blasting 
v step not only roughens the rod but also removes these contaminants. 

As shdW in FIG. 1, a tubular sleeve 12 is also provided. This sleeve 
10 12 is composed of a (dielectric material and is generally porous. Preferably, the 
porous dielectric is a meish formed from a fibrous glass material, such as .006 thick 
Litewall-brand insulation, Vntreated without impregnated epoxy fiberglass sleeving. 
One ferromagnetic rod 10 is Placed within each sleeve 12 thus covering the entire rod 
in the length / direction. Eack sleeve 12 may be provided as a tubular which is slid 
15 lengthwise over the rod. Alternatively, the sleeves may be formed in place on the 
rods by winding a porous fabric tape onto each rod. 

As shown in FIG. 2, a plurality ferromagnetic rods 10 and sleeves 12 
are assembled, and placed side-by-side in a mold 20 of height /z, width x and depth d. 
For example, one process uses a mold 20 of a rectangular shape with dimensions 
20 152.4 mm deep, 553.7 mm wide and 723.9 mm high. The axes of the rods 10 are 
aligned with the height dimension h. The mold is preferably made of aluminum, 
however any suitable metal will suffice. About 540 rods 10 are preferably placed 
side-by-side in the mold 20. At this stage of the process, the sleeves 12 keep the 
ferromagnetic rods 10 apart. 
25 Once the rods 10 and sleeves 12 are placed in mold 20, a bonding 

material 22 is introduced. It is preferred that the bonding material 22 be dielectric 
and be in a liquid state. As an example, one process uses an epoxy, such as a 
standard 4 part resin/hardener mixture, as a dielectric bonding material 22. To 
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ensure that the dielectric bonding material 22 completely covers each ferromagnetic 
rod 10 and to prevent the formation of voids, the mold 20 is sealed on the bottom and 
all four sides and filled with epoxy while loading the ferromagnetic rods 10. The 
porous sleeves 12 allow the bonding material to penetrate through the sleeves and 
adhere to the rough surfaces of the rods 10. It should be noted, however, that the 
dielectric material need not be in a liquid state, nor be bonding. For example, the 
dielectric material may be a discrete, non-conductive material, so long as the 
ferromagnetic rod 10 are held apart while in the mold 20. 

Whenthe mold 20 is free of voids, the dielectric bonding material 22 is 
allowed to cure by ramp up from ambient temperature to 277° and holding at 277 °F 
for 10 hrs. before turning off to let cool to room temperature. Once the dielectric 
bonding material 22 has cured, an intermediate element is formed 24, as shown in 
FIG. 3. The intermediate, element 24 is removed from the mold 20 by removing the 
cover and backing off the pressure plates of the mold. The intermediate element has 
15 a lengthwise direction corresponding to the axial direction of rods 10. 

The intermediate element 24 is then sliced on cutting planes a transverse 
to the axial direction of the ferromagnetic rods 10, to form a shim piece 26. The 
slicing step is preferably performed using a cut-off saw such as a Do-All metal cutting 
band saw model C-9165, but other saws can also be used. 
20 Each shim piece 26 is a generally flat slice having a thickness direction t 

corresponding to the axial direction of the rods 10 and having a top face 25 and 
bottom face 27 transverse to the thickness dimension. The other dimensions of the 
shim piece 26 correspond to the dimensions of the mold 20. Preferably, all shim 
pieces 26 are equal in thickness. Each shim piece 26 is then trimmed to give it a 
25 generally arcuate shape when viewed along the axial direction of the rods. The trim 
lines 21a-d are also shown on FIG. 3. Further, the ends of the shim piece 26 are 
trimmed along lines 21c and 21d extending generally radially with respect to the arc. 
This provides radially-extensive edges 29 at the ends of the arcuate shim pieces and 
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allows the shim pieces to be mounted together to form a circular shim on the magnet. 
The trimming step is preferably done with an abrasive jet saw, but other types of saws 
can be used. The thickness of each shim piece can be adjusted, and the top face 25 
and bottom face 27 can be "trued-up" to make more precise flatness and parallelism 
5 by milling and/or grinding these surfaces. 

Now referring to FIG. 4, a magnetic assembly 100 is shown. The 
magnetic assembly comprises a ferromagnetic structure defining a first pole 110 and 
another ferromagnetic structure defining a second pole 120. The poles facings have a 
generally circular profile when viewed along the poles' axis z and are opposed to each 

10 other such that a patient receiving space 130 is defined between the pole facings, as 
shown in FIG. 5. Gradient coils 112 and 122 are also provided which create the 
gradient magnetic field used in the MRI process to generate an image of the subject in 
the patient receiving space 130. As shown in FIGS. 4 and 5, the gradient coils are 
placed between the shim ring 30 and atop the pole face 118 and 128. Static field coils 

15 114 and 124 or other flux sources associated with the poles are provided to generate 
the static magnetic field used in the MRI process. These features of the assembly 
may be conventional. As shown in FIGS. 4 and 5, the static field coils are in the 
shape of large rings that extend around the pole stems 116 and 126. 

As shown in FIG. 4, however, a first pole 112 is provided with a shim 

20 ring 30 incorporating eight arcuate shim pieces 26. The arcuate shim pieces are 
arranged in generally end-to-end relation, the radially-extensive end-edges 29 of the 
shim pieces fitting against one another. Alternatively, the shim pieces 26 can form a 
shim ring with gaps between the shim pieces. This arrangement prevents eddy 
currents from travelling from one shim piece to another. A similar shim ring 32 can 

25 be formed by additional shim pieces 26 on the pole 120. The axes of the 
ferromagnetic rods 10 contained in the shim pieces 26 are co-directional with the 
polar axis. Preferably, the pole facings 118 and 128 will have holes drilled around 
the circumference where the shim pieces 26 are to be placed. Preferably, bolts or 
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other fasteners are used to attach the shim pieces 26 to the pole facings 118 and 128. 
Preferably, the shim pieces 26 are approximately 1 inch thick and are stacked, one 
directly on top of the other. In Fig. 5, the shim rings 30 and 32 shown are three 
stacked 1 inch thick shim pieces. 
5 As further shown in FIGS. 4 and 5, the gradient coils 112 and 122 are 

positioned in close proximity to the pole facings 118 and 128. This proximity adds to 
the problem of creating eddy currents in the shim. When the gradient magnetic coils 
are operated, this will induce eddy currents in the ferromagnetic structure defining the 
pole facings 118 and 128, and particularly in the shim rings 30 and 32. However, the 

10 currents can only travel in the thickness direction of the shim rings along the length of 
the ferromagnetic rods 10 or in small circular patterns along the cross-section of the 
ferromagnetic rods 10. Currents cannot pass in other directions from rod-to-rod due 
to the dielectric material between the rods. This greatly minimizes eddy current 
generation. Of course, still better performance can be achieved if the pole faces are 

15 also eddy-resistant. 

In a process according to a further embodiment, the mold 220 (FIG. 6) 
has a cavity 222 of substantially arcuate cross-sectional shape. The arcuate shape is 
constant in the lengthwise direction h' of the mold. Here again, the rods 210 extend 
lengthwise in the mold. This yields an arcuate intermediate element which can be 

20 sliced to form arcuate shim pieces thereby reducing or eliminating the need for 
trimming. In other respects, the process is as described above. 

In a process according to another embodiment, the mold 320 has a 
height h' corresponding to the thickness of the final shim piece, as best shown in Fig. 
7. By having the mold in the form of the final shim piece, the need for the slicing 

25 step is obviated. The intermediate element resulting from this mold is substantially in 
the shape of the shim piece, but will still require trimming to "true up" the shape to 
ensure proper fitting around the magnet pole. 
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This detailed description is only illustrative and should not be read as 
limiting the invention as defined in the claims. 
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